We have measured the linear polarization of the 5016-Å, 2s 1 S-3p 1 P transition of Hei excited by a thin carbon foil perpendicular to the incident He + beam at ion energies 50-500 keV. We find that the alignment of the 3p 1 P term depends upon the beam current density within the range (2-150 μA cm -2 ) measured. Oscillations in the dependence of both M / I (the linear polarization fraction) upon energy and the current density variation of M / I with energy are observed. We discuss possible origins of these variations.
I. INTRODUCTION
any theoretical model to explain the origin of the alignment produced in the ion-foil interaction must The excitation of atoms traversing thin foils has a l s o explain this surprising feature. f o r s o m e time proved to be a most useful tool in the study of atomic structure. ' Nonetheless, . EXPERLMENT tle progress has been made toward understanding Deterrllination of the alignment produced by the the details of the excitation process itself. Thus, ion-foil interaction was c a r r i e d out by measuring despite the fact that alignment of atoms traversing the linear polarization fraction (relative Stokes the foil has been utilized in fine and hyperfine s t r u c -parameter2) .W/I of the light emitted perpendicular t u r e studies f o r a number of y e a r s , ' , ' even ( 1 1 surface excitation3 have not clearly been delineated; neither has the energy dependence of the alignment produced been mapped in detail a s a function of incident beam energy except in one o r two isolated example^.^ The importance of surface interactions was emphasized by a recent s e r i e s of experiments with tilted foils. ' Attempts to understand these results theoretically in t e r m s of a bulk effect modified by a surface electric field, interactions a t the surface, ' geometrical effects, and electron pickupg have a l l failed t o agree with observation. Ions excited by passage through perpendicular foils p o s s e s s cylindrical symmetry of excitation and the dipole radiation emitted can then be characterized by just two p a r a m e t e r s f o r each excited state: the total light yield and a single alignment p a r a m e t e r . In a n effort t o clarify the foil excitation mechanism, we have made measurements in this simpler geometry. Variations of the light yield and alignment with foils of different materials have been observed and a r e described in a separate paper. ' ' We show here that the alignment produced depends upon the beam current density in a r e l atively complicated energy-dependent fashion. Thus I,, and I, a r e the light intensities with polarization vector parallel and perpendicular t o the beam axis, respectively. F o r a perpendicular foil and viewing perpendicular t o the beam axis, M / I i s specified" in t e r m s of the alignment parameter A: ' , and for the 2s 'S -3p 'P transition i s where A?' =(3L; -L~) / L ( L +~) .
Polarization measurements were c a r r i e d out p r imarily for the 2s 'S -3p 'P transition in He I f o r incident He' energies ranging from 50 to 500 keV; the energy range 60-180 keV was investigated using the University of Chicago accelerator, the range 100-425 keV usi:~g the University of Toledo Van de Graaff accelerator, and higher energies with the Argonne National Laboratory dynamitron. Polarization measurements were c a r r i e d out i n Chicago and Argonne using a retardation plate r otated by a stepping motor followed by a fixed linear polarizer, and in Toledo using a similar system employing a rotating p~l a r o i d .~ Foil holders of markedly different mechanical, electrical, and formedboth to total beam current and total light intensity collected by an optical fiber bundle at a fixed distance from the foil. Agreement between the two sets of measurement in the region of overlap (100-180 keV) was excellent (see below). Figure 1 illustrates the principal result obtained in this investigation: the dependence of ,W/I upon INCIDENT ion current density j for constant foil thickness. The figure shows a clear increase in M / I with j whichis more markedat some energies than others. In order to investigate this energy dependence more quantitatively, we approximate thB variation of the data with j at each energy by a linear dependence (adequate within the statistical accuracy attained at all energies) and parametrize the rate of j dependence of the polarization fraction M/I by the slope of this curve, S , (E ) for each ion energy E . Fig. 3 . The confusion in interpretation of such measurements which can be caused by the current-density dependence is obvious and perhaps explains the discrepancy between these results and e a r l i e r investigation^.^
RESULTS
We have a l s o investigated the beam-curreat dependence of the alignment of the Ne I1 3568-A, 3s" 2~,,,-3p' 'F,,, transition with thin carbon foil excitation a t ion energies between 0.6 and 1.2 MeV. Figure 4 shows that within the s m a l l current range of 0.2-2.0 pA(1 -10 pAcm-'), no variations outside statistics i n M / I couldbe detected, andS,(E) =O. Inaddition, we carriedout measurements of M/I a t constant incident-ion energy f o r a variety of foil thicknesses between4 and 22 y g/cm2. Significant changes in M / I were observed. However, within the statistical accuracy of these measurements, the observed charges can essentially b e explained a s effects due t o the decrease in energy of the emergentbeam with increasing foil thickness, in accord with a n assumption of excitation equilibrium.
IV. DISCUSSION
Since the origin of the alignment produced in the ion-foil interaction is not yet understood, it is e specially difficult t o establish the origin of the s m a l l changes in alignment with variation of beam current density reported here. Nevertheless, it is important to discuss possible causes in the hope have been able to probe experimentally the shape and depth of the wake potential in observing molecular breakup in thin carbon foils. This polarization of the material will decay in t i m e s on the order of the inverse plasma frequency w, : that is, in about 10-l4 s. The time between successive ions passing through a cross-sectional a r e a A is 2' = (q/jA).
Considering the wake to have a width of 50 A (probably a n upper limit14), we find that T = 0.06 s f o r a current density of 10 pA cm-'. It is therefore als o unlikely that a second beam particle can interact via this indirect mechanism. Similarly, dispersion of the "wake" polarization a t the final s u rface will occur in about the s a m e time, -10-l4 s , and the electric field o r electron density at the s u rface, which will affect the final surface interaction with the beam ions, should be relatively independent of previous ion-induced surface polarization.
Trubnikov and ~a b l i n s k i i " investigated the pickup of conduction electrons by the moving ion a s it leaves the surface. However, Cross" has pointed out that the theoretical model used has an unrealistic cutoff in the conduction-electron distribution which leads to the wrong velocity dependence of the electron capture probability and also neglects electron capture from target atom c o r e s in the surface. Nonetheless, Schrijder and Kupferg have used the model of Ref. 1 5 t o derive the alignment and orientation p a r a m e t e r s of the hydrogen 2p state produced in such a n electron capture at a tilted s u rface. We Have extracted from these calculations a n expression f o r the linear polarization (~M/I) of a p state, excited in our perpendicular foil geometry:
E, is the F e r m i energy, E , is the mean energy of a foil electron a s viewed from the moving ion, and n(E, , E , , W) i s a complex function of these energies and the work function W of the material, which varies relatively slowly. E, varies monotonically with ion energy, and this formula a s it stands will not give r i s e t o the oscillatory variations in M/I o r S j (E). E , might be considered a s a parameter, o r effective F e r m i energy, which is changed by increased ion current by, for example, increased secondary-electron production. Secondary electrons slowing down in the target can take sufficiently long t o reach the final surface t o change the p a r a m e t e r s at the surface during excitation of a second ion.
A striking feature of our observations of M/I and S, (E) is their oscillatory behavior with ion energy. Oscillations in c r o s s sections have been observed in ion-atom collisions at much lower energy due t o quantum-mechanical interference in the quasimolecular ion-atom system.17 The oscillations, whose frequencies a r e proportional t o l/v, have a l s o been observed in the charge state fractions N+/P in ion-surface collisions at ion energies 1-10 keV. Tolk et u 1." postulate interferences in a quasimolecular state formed between the surface and the exiting atom. Unlike the ionatom collision in which specific molecular levels can be used to estimate the phase interference, the appropriate levels in the ion-solid interaction must be inferred from the experimental values of the oscillation frequencies.
Although polarization effects have not previously been measured in the ion-surface interaction, the ion-atom collisions show that the l / v oscillations occur most strongly in the parallel component of polarized light emitted from the excited atoms, but with large oscillations a l s o in the polarizationfraction i~1/1. It is thus tempting to compare our observed oscillation in M/I with the ion-surface oscillations. If we assume two maxima a t 100 and 400 keV energy, we can evaluate the phase integral"
where v,, v, a r e ion velocities, h is Planck's constant and (ER) is the integral developed in the potential difference of two energy levels for internuclear separation: R . By substitution, we find a value (ER) = 34 eV A, w h i c t compares reasonably with values of about 20 eVA found from ion-surface charge state oscillations. '' However, further maxima in M/I should then occur at lower velocities, but none have been observed down to ion energies of 1 5 keV [Tolk and B e r r y (unpublished) ]. Other processes such a s electron pickup may dominate IM/I production a t these lower energies. It is difficult t o associate the oscillations in S,(E) directly with this "Rosenthal" mechanism. The foil temperature increases with increasing beam current. Also, increasing the foil thickness produces more energy loss in the foil and a consequent increase in temperature. We find that the energy deposited in the foil is lost radiatively a t the surfaces, except for low beam currents (less equilibrium is determined by a balance between energy loss by the ion beam in the foil and heat dissipation mechanisms requires that identical changes in M/I result f r o m identical changes in A E , the energy l o s s in the foil. However, f o r example, a t 100 keV,d E / d x is monotonically increasinglg and a s m a l l increase in the beam energy and a c o rresponding increase in the foil thickness should have identical effects upon M/I. This is in marked contrast with the data, suggesting that a simple temperature change, regardless of how it affects the ,W/I production, i s not correlated with the observed energy variation of S,(E).
V. CONCLUSIONS
We have measured the alignment of the 3p ' P state of He1 by observing the l i n e~r polarization .W/I of i t s decay t o 2s ' S at 5016 A after excitation by thin carbon foils. We demonstrate that the alignment is a strong function of beam energy, showing oscillation, which we suggest might be due to quasimolecular ion-surface Rosenthal-type interferences. We cannot explain our observed variations of M/I with beam current density S,(E). This par a m e t e r a l s o shows oscillations with ion energy. We have discussed above some possible causes of these variations.
Similar than 1 pA f o r a 5-pg/cm2 foil) where conduction losses become important. We have measured a
